The prophage of coliphage N15 is not integrated into the bacterial chromosome but exists as a linear plasmid molecule with covalently closed ends. Upon infection of an Escherichia coli cell, the phage DNA circularises via cohesive ends. A phage-encoded enzyme, protelomerase, then cuts at another site, telRL, and forms hairpin ends (telomeres). We demonstrate that this enzyme acts in vivo on speci®c substrates, and show that it is necessary for replication of the linear prophage. We show that protelomerase is an end-resolving enzyme responsible for processing of replicative intermediates. Removal of protelomerase activity resulted in accumulation of replicative intermediates that were found to be circular head-to-head dimers. N15 protelomerase and its target site constitute a functional unit acting on other replicons independently of other phage genes; a mini-F or mini-P1 plasmid carrying this unit replicates as a linear plasmid with covalently closed ends. Our results suggest the following model of N15 prophage DNA replication. Replication is initiated at an internal ori site located close to the left end of plasmid DNA and proceeds bidirectionally. After replication of the left telomere, protelomerase cuts this sequence and forms two hairpin loops telL. After duplication of the right telomere (telR) the same enzyme resolves this sequence producing two linear plasmids. Alternatively, full replication of the linear prophage to form a circular head-to-head dimer may precede protelomerase-mediated formation of hairpin ends.
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The temperate Escherichia coli phage N15 was isolated by V. Ravin in 1964. 1, 2 On the basis of extensive sequence homology N15 was placed in the lambdoid phage family, 3 although its prophage is not integrated into the bacterial chromosome. 4 The unique feature of N15 as a coliphage is that it exists as a linear plasmid with covalently closed ends, 5 the only known linear plasmid in E. coli. Among prokaryotes, other examples of such replicons are the linear plasmids and chromosomes of the pathogenic spirochete Borrelia. 6, 7 N15 phage DNA is a linear molecule with 12 nt cohesive ends. 8 Physical mapping of phage and prophage DNA showed that the two maps are circularly permuted (for a review see 9 ). This suggests the following mechanism of conversion of phage DNA to the prophage plasmid. 9 After infection of an E. coli cell, phage DNA becomes circularized via its cohesive termini. Then a special phage-encoded enzyme, protelomerase (prokaryotic telomerase) introduces a staggered nick in the telRL region which contains a large palindromic sequence. Annealing of self-complementary single-stranded ends and joining of phosphodiester bonds results in creation of hairpin structures at each end ( Figure 1 ). In this model N15 protelomerase is a functional analogue of lambdoid phage integrases. Interestingly, lambda integrase is able to make hairpin ends after cutting at an att site carrying mismatches.
10
Inspection of the complete nucleotide sequence of N15 (GenBank accession no. AF064539, 3 ) revealed an open reading frame whose translation product, gp29, has sequence homology with lambdoid phage integrases and BBB03 protein of Borrelia burgdorferi (see summary in tive N15 protelomerase. Recently, N15 gene 29 has been cloned and overexpressed, and the corresponding protein was indeed shown to be responsible for cutting the telRL site and for generating covalently closed hairpin ends in vitro. 11 These results indicate that the protelomerase generates the linear prophage molecule after circularization of the infecting phage genome.
The question of the role of protelomerase in the replication of N15 plasmid prophage remains open, however. The telN gene was shown to be expressed not only early after infection but also in the lysogen, 3 and it seems unlikely that the role of the protelomerase is limited to cutting phage DNA to create linear prophage at the beginning of infection (Figure 1 ). Various models have been proposed for replication of linear DNA with hairpin ends involving processing of replicative intermediates by an end-resolving enzyme (see for review 12 ). In the case of N15, protelomerase is the ®rst candidate for this function, and a hypothetical model of N15 replication was suggested in a review by Rybchin and Svarchevsky. 9 However, there are no experimental results showing that N15 replication follows any of these models, and there are no data which con®rm the function of N15 protelomerase in vivo and show its role in prophage replication.
Here, we analyse protelomerase activity in vivo and demonstrate that (i) protelomerase is responsible for processing replicative intermediates during prophage replication, (ii) these intermediates are circular head-to-head dimers, and (iii) the N15 telRL site and telN gene constitute a functional unit able to linearize other replicons. Finally, we suggest a model of replication of the N15 prophage that can be applied to other such replicons and in particular to B. burgdorferi linear chromosomes and plasmids.
Molecular cloning of the telN gene and construction of a protelomerase-deficient linear N15-based plasmid
The protelomerase activity is thought to be necessary for replication of the N15 prophage as a linear DNA molecule since it is supposed to be responsible for creation of hairpin ends of replicating molecules. 9 To test this hypothesis we constructed an N15-based linear plasmid with a deletion in the telN gene, and studied its replication when protelomerase was provided in trans from a coresident plasmid.
Plasmid pTel1 was used for controlled expression of the N15 protelomerase. It was constructed by PCR ampli®cation of a DNA fragment containing N15 gene 29 (primers 29S and 29F) and cloning of this fragment between EcoRI and HindIII sites of the expression vector pBAD24, downstream of the arabinose-inducible araP BAD promoter. 13 This promoter allows induction of expression of the cloned gene by addition of arabinose to the medium and is almost completely repressed by addition of glucose. The sequence of the insert in pTel1 was con®rmed by DNA sequencing, and production of the protein of expected size upon induction of the promoter was veri®ed using SDS-PAGE.
An N15-based plasmid, pG54, 14 was used to make a protelomerase-de®cient linear plasmid. pG54 is a linear low copy number plasmid consisting of the N15 prophage fragments from the left telomere to nt 18,996 and from nt 45,269 (plasmid map) to the right telomere, with the kanamycin resistance gene located between these fragments. pG54 thus contains all N15 genes involved in DNA replication and control of lysogeny but lacks lysis genes and genes encoding structural proteins of the virion. A protelomerase-de®cient derivative of pG54 was constructed by making a long inframe deletion in the telN gene, which removed 516 of the 631 amino acid residues of TelN protein, from L 45 to E 560 (see details in the legend to Figure 2 ). The resulting plasmid was named pG54tel.
Transformation of DH10B/pTel1 with pG54tel DNA readily gave colonies when transformants were plated on selective agar supplemented with arabinose (induction of the telN gene), while no colonies were obtained on selective agar with glucose (repression of cloned telN gene). No colonies were also obtained when pG54tel DNA was used to transform DH10B or DH10B/pBAD24. Plasmid pG54tel could be maintained in DH10B/pTel1 only when expression of the telN gene is induced by arabinose and has approximately the same copy number as pG54. Restriction analysis of plasmid DNA showed that in these conditions pG54tel exists as a linear plasmid.
Replication of the N15 prophage involves circular head-to-head dimers
The above results show that maintenance of the linear plasmid pG54 strictly requires protelomerase gene expression. On the other hand, the telN gene is not essential for replication of a circular N15-based plasmid since several such plasmids lacking the telRL site and the telN gene have been described. 14, 15 Since TelN enzyme has been shown to cut the telRL site and to form hairpin ends in vitro 11 we suggest that replication of the N15 plasmid involves intermediates carrying a joined telomere site (telRL and/or telLL and telRR, see Figures 1 and 2 ) which is subsequently cut by protelomerase with the formation of hairpin termini. Different models of replication of linear molecules with hairpin ends postulate either circular monomer or head-tohead dimer intermediates (for a review see 12 ).
Therefore we investigated what kinds of molecules are formed by replicating N15 plasmid in the absence of protelomerase action.
Intermediates produced during pG54tel replication were obtained after repression of the ara-P BAD -controlled protelomerase gene by growth in medium containing glucose (see Figure 2 legend). The structure of these molecules was investigated by restriction and Southern blot analysis of total cellular DNA. If replication involves formation of a circular head-to-head dimer, one could expect the appearance of two fragments, each double the length of the telomere-proximal restriction fragments (see Figure 2 (a)); the lengths of other fragments will remain unchanged, as in the linear molecule. If replication proceeds via a circular monomer, a new fragment which is the sum of the lengths of the left and right telomere-proximal fragments would be expected to appear. As shown in Figure 2 , repression of the protelomerase gene gave rise to fragments twice the length of the left telomere-proximal restriction fragments (appearance of 6 kb for HindIII, 11.5 kb for BamHI and 9.6 kb for XhoI), while the length of internal EcoRV fragment ( 3.7 kb) remained unchanged. The same result was obtained for the right telomere-proximal restriction fragments (not shown). These results show clearly that de®ciency in protelomerase resulted in accumulation of circular head-to-head dimer molecules. Subsequent induction of the telN gene resulted in processing of intermediates and continued maintenance of pG54tel in a linear form (data not shown). We can conclude that N15 replication proceeds via formation of circular head-tohead dimers and that protelomerase is responsible for cutting these molecules into linear monomers.
The protelomerase and telRL site of N15 constitute an independent module able to convert non-N15 replicons to a linear form Previous results showed that the N15 protelomerase is necessary for N15 plasmid replication and that its function is to cut circular dimer replication intermediates into two linear molecules with hairpin ends. It is not known whether other N15 genes might be necessary for resolution of circular dimers in vivo, but in vitro data 11 imply that the protelomerase alone is able to perform this function. This suggests that the N15 protelomerase gene and its target site telRL might constitute a functional unit able to act on non-N15 replicons. We tested the ability of the N15 protelomerase unit (telRL site and telN gene) to confer linearity on mini-F and mini-P1 plasmids. Plasmid pZC320 is a mini-F derivative carrying genes for replication and partitioning as well as an ampicillin resistance gene. 16 Mini-P1 plasmid pZC176 is a 6 kb fragment carrying the P1 prophage replication and partition determinants linked to genes specifying resistance to ampicillin (bla) and spectinomycin (aad), constructed by D.P. Biek and provided by D. Lane (unpublished).
An N15 phage DNA fragment that includes the telRL site and telN gene (24, 930 on the phage map) was inserted into the Ecl136II site of pZC320, and plasmids containing the N15 fragment in both orientations were selected by transformation of DH10B. Restriction analysis showed that the plasmids, pNF04 and pNF05 (Figure 3) , are linear in form. For example (Figure 3 ), pZC320 contains only one site for NcoI, while the N15 fragment cloned in pZC320 contains no site for this enzyme. Digestion of pZC320 or circular recombinant product yields a single fragment, while digestion of a linear plasmid produces two fragments, as observed. Lengths of these fragments depend on the relative orientation of N15 and pZC320 parts of the recombinant plasmid (Figure 3) . These results were further con®rmed using ®ve other restriction N15 Replication endonucleases. The hairpin nature of ends follows from (i) the isolation of plasmid DNA by the standard alkali lysis method 17 and (ii) a twofold increase in lengths of telomere-proximal restriction fragments in alkali gel electrophoresis (data not shown, the same tests were used for an N15 plasmid by Svarchevsky & Rybchin 5 ). The copy number of pNF04 and pNF05 was two to three times higher than that of the original circular pZC320 (data not shown).
The linear derivatives of mini-P1 were constructed in a similar way: the same N15 DNA fragment was cloned into the EcoRV site of pZC176. The resulting linear plasmids, pNP01 and pNP02, are shown in Figure 3 . Linearity of these plasmids pNP01 and pNP02 was shown similarly.
Interestingly, the same experiments performed with plasmids pUC19, pACYC184 and pMS67 (RSF1010 replicon) did not yield a viable linear derivative (data not shown). The reasons for this are not clear but the most plausible explanation is the inability to initiate replication on a linear nonsupercoiled template. Replication of ColE1 plasmids is known to require negative supercoiling for initiation (for a review see 18 ) and replication of RSF1010 in vitro cannot proceed on a linear template. 19 Figure 2. Analysis of N15 prophage replication in vivo. (a) Maps of pG54tel and its putative replicative intermediate. Plasmid pG54tel is a derivative of pG54 14 carrying long in-frame deletion in the telN gene, from nt 325 to 1872 on the pG54 map, which removed 516 of the 631 amino acid residues of TelN protein (from L 45 to E 560). To construct it we ®rst isolated the telL-proximal MluI fragment from pN15L 15 and ®lled in protruding termini using Klenow enzyme. Then the pG54 DNA was partly digested by Ecl136II and the fragment extending from the ®rst Ecl136II site to the right telomere was isolated. The products of ligation of these two fragments were used to transform DH10B/ pTel1 cells, transformants were selected on plates supplemented with kanamycin, ampicillin and 0.002 % (w/v) arabinose (to induce the telN gene cloned in pTel1). To isolate pG54tel plasmid DNA from DH10B/pTel1 cells we ®rst extracted total plasmid DNA using the alkali lysis method, then separated plasmids by electrophoresis and ®nally isolated pG54tel DNA from the gel. The junction was veri®ed by DNA sequencing. Black box, position of the N15 fragment used for synthesis of radiolabelled probe (1505-1735 nt). Restriction fragments of pG54tel that contain this region are schematically shown below pG54tel map (map not drawn to scale). Lengths of restriction fragments, in order from the left telomere to the right: H, Hind III; pG54tel: 3.0 kb; 2.0 kb; 11.0 kb; 2.0 kb; 1.8 kb; circular dimer: 6.0 kb; 2 Â 2.0 kb; 2 Â 11.0 kb; 2 Â 2.0 kb; 3.6 kb. X, XhoI; pG54tel: 4.8 kb; 13.7 kb; 1.3 kb; circular dimer: 9.6 kb; 2 Â 13.7 kb; 2.6 kb. B, BamHI; pG54tel: 5.8 kb; 6.8 kb; 7.2 kb; circular dimer: 11.6 kb; 2 Â 6.8 kb; 14.4 kb. RV, Eco RV; pG54tel: 0.2 kb; 1.2 kb; 3.7 kb; 5.7 kb; 3.0 kb; 0.9 kb; 1.0 kb; 4.1 kb. Circular dimer: 0.4 kb; 2 Â 1.2 kb; 2 Â 3.7 kb; 2 Â 5.7 kb; 2 Â 3.0 kb; 2 Â 0.9 kb; 2 Â 1.0 kb; 8.2 kb. Fragments which could be revealed by Southern blot (see (b)) are underlined. (b) Southern blot analysis of intermediates produced in the absence of protelomerase activity. DH10B cells carrying plasmids pG54tel and pTel1 were grown in LB media, supplemented with kanamycin and ampicillin, in the presence of 0.002 % (w/v) arabinose to mid-log phase (A 600 0.4). The ®rst sample (``expressed'') for isolation of total DNA was taken, and the cells were then collected by centrifugation, washed once with LB and resuspended in the initial volume of LB. The culture was then diluted 100-fold with LB supplemented by both antibiotics and 0.2 % (w/v) glucose. Growth was continued until the culture reached A 600 0.4 (about seven generations), and the second sample (``repressed'') for isolation of total DNA was taken. Total cellular DNA was isolated as described by Ravin 14 from equal amounts of cells. DNA samples (0.5 micrograms in each lane) were digested by appropriate restriction enzymes and analysed by Southern blot using a radiolabelled probe synthesised on the N15 DNA fragment with coordinates 1505-1735 nt on the pG54 map (position shown). lanes, expressed sample; À lanes, repressed sample. Samples shown in lanes 1-2 and 3-10 were loaded on different gels. Sizes of fragments are shown in kb. Figure 3. (a) Construction of linear derivatives of mini-F and mini-P1 plasmids pZC320 and pZC176. An N15 DNA fragment containing the telRL site and the telN gene, from nt 24,493 to 26,932, was obtained by PCR ampli®cation using oligonucleotides PRtelR and 30R. The fragment was digested with StuI at one end and treated by T4 polynucleotidekinase. DNAs of pZC320 and pZC176 were digested with Ecl136II or EcoRV, respectively, dephosphorylated and ligated with N15 fragment. The products of ligation were used to transform DH10B cells. Analysis of the transformant clones showed that they contain linear derivatives of mini-F and mini-P1 plasmids ((b) and (c)). We suppose that these plasmids were produced as a result of cutting of the telRL site on the circular product of ligation by TelN, a process similar to creation of a linear prophage molecule (see Figure 1) . (b) Structure of linear derivatives of mini-F (pNF04 and pNF05) and mini-P1 plasmids (pNP01 and pNP02). Gray boxes, N15 parts of recombinant plasmids pNF04/pNF05 and pNP01/pNP02. Gray arrows, N15 protelomerase gene (telN); black horizontal arrows, genes of pZC320 or pZC176 origin. Replication initiation site ori2 of F factor and plasmid ori site of P1 are shown as thick arrowheads indicating the direction of unidirectional replication. The sopC and incC sites of pZC320 and the parS site of pZC176 are shown as black boxes. Positions of NcoI sites on pNF04 and pNF05 maps are shown by vertical arrows. (c) Restriction analysis con®rms linearity of pNF04 and pNF05 DNA (details in the text). Lane 1, molecular weight marker, arrows indicate position and sizes (in kb) of fragments. Lane 2, undigested supercoiled pZC320 DNA. Lane 3, NcoI-digested pZC320 DNA (7.5 kb). Lane 4, undigested pNF04 DNA (10.0 kb). Lane 5, NcoI-digested pNF04 DNA (6.8 kb and 3.2 kb). Lane 6, undigested pNF05 DNA (10.0 kb). Lane 7, NcoI -digested DNA (5.0 kb and 5.0 kb). Precise sizes of fragments are given according to sequence data and predicted plasmid maps ((b)).
From these experiments we conclude that no other phage-encoded functions are necessary for protelomerase activity in plasmid replication; telRL and protelomerase constitute an independent functional module able to convert non-N15 replicons to linear form.
Possible mechanism of replication of the N15 plasmid prophage
Little is known about the mechanism of replication of linear covalently closed DNA in any biological system. Different models have been suggested for such replicons (for a review see 12 ). One of them, based on the Bateman's model of replication of palindromic telomeres, 20 was suggested for N15 prophage.
9 However the limited experimental data available have not allowed us so far to choose a particular model of N15 replication. Here we present three experimental observations which support a particular model: (i) protelomerase is required for maintenance of a linear plasmid through its action as a resolvase of replicative intermediates, (ii) repression of protelomerase results in accumulation of circular head-to-head dimer molecules, and (iii) the protelomerase unit is able to convert another replicon to a linear form without additional N15-encoded functions. We suggest the following model of N15 plasmid replication (Figure 4) , which is largely in agreement with one proposed previously.
9
Previous experiments have shown that replication is initiated at an internal ori site, located within gene 37 (Ravin, unpublished data) , that drives replication of a circular N15-based plasmid.
9, 14 We cannot absolutely exclude the possibility that replication of the linear plasmid is initiated at another, telRL-proximal ori site, but this is unlikely for the following reasons. First, N15 gene 37 is required for replication of both circular and linear plasmids. Second, plasmids pNF04 and pNF05 cannot be maintained in a strain harbouring a high copy number plasmid with the F incC region (data not shown); in such conditions initiation of F plasmid replication from ori2 is inhibited (for example, 21 ). This means that replication is initiated from the F origin and not from a putative telRL-proximal ori site.
We suggest that replication follows the y mode and proceeds bidirectionally. After duplication of telL, protelomerase cuts this site creating hairpin ends, and thus a Y-shaped structure is formed. After replication of the right telomere and subsequent cutting, two linear molecules are produced (Figure 4, pathway A) . Alternatively, full replication of the molecule with formation of full head-tohead circular dimer may precede resolution of ends (see Figure 4 , pathway B). Available data do not allow a choice between these alternatives. It is also possible that N15 replication follows both pathways under different conditions.
It should be noted that our model differs from that proposed by Rybchin & Svarchevsky. 9 Circular head-to-head dimer in their model is considered as an intermediate not of plasmid replication but of lytic development, from which resolution to two circular monomers would allow initiation of lambda-type lytic replication. In addition, they suggested that replication of prophage and phage involved two forms of protelomerase (designated TelN* and TelN** in their review) resulting from its modi®cation by other phage proteins. In contrast, we show that protelomerase is able to per- form its function in plasmid replication without additional phage-encoded products.
Interestingly, the mini-F plasmid pZC320 used to create linear derivatives pNF04/pNF05 contains ori2 of the F factor which initiates unidirectional y-type replication. 22 The mini-P1 plasmid, pZC176, replicates by the same mechanism. 23 It is unclear how a linear molecule could be fully replicated in this way. It is possible that the Y-shaped molecule that results from such replication can serve as a substrate for loading another replication complex after processing of the nascent free ends at the junction. Alternatively, processing might not be needed, just time to allow a polymerase, not necessarily the normal replisome, to start polymerising continuously from the free 3 H end. However, we do not think that N15 also replicates by a unidirectional mechanism since pNF04/pNF05 plasmids, contrary to linear N15 derivatives, are often rearranged into shorter circular plasmids when introduced into E. coli C (recA ) strain by transformation (data not shown). This might result from dif®culties in their replication.
We suggest that N15 prophage replication could serve as a model for replication of other replicons with hairpin ends, such as the linear plasmids and chromosomes of B. burgdorferi. Replication of these plasmids is initiated at an internal ori site and proceeds bidirectionally, 24 and sequence analysis has revealed regions of homology shared by the TelN protein and the Borrelia gene BBB03 product. 3, 9 Thus it seems likely that replication of Borrelia plasmids follows the same mode as that of N15.
Experimental procedures
Media, chemicals, enzymes, and synthetic oligonucleotides Bacteria were grown in LB liquid medium or on LB agar plates 17 at 37 C, unless otherwise indicated. Antibiotics were added as appropriate, at the following concentrations: ampicillin, 100 mkg/ ml and kanamycin, 50 mkg/ml. All enzymes were used in accordance with the recommendations of the manufacturers. PCR ampli®cations were carried out using Pfu DNA polymerase (Promega). The synthetic oligonucleotides used were: 29S GGAATTCGGGATGAGCAAGGTA 29F CCCAAGCTTTTAGCTGTAGTACG PR472 GGAATTCCGCATGAACCAGATTCAG PR473 CCCAAGCTTCATTGCGCCTCCC PRtelR GGGAATTCGTTGGTATATTTAAAACCTAA 30R CAATGAAGGCTCTCTCCGTC
Bacterial strains and bacteriophages
Prototrophic Escherichia coli C 25 was used as a host for phage propagation, DH10B 26 for all cloning experiments. Bacteriophage N15 was described by V. Ravin.
1,2 The coordinates of the N15 genome are from the N15 complete sequence (GenBank accession number AF064539). Cloning vector pBAD24 13 was used for controlled expression of cloned N15 genes, pUC19 27 for routine subcloning operations.
DNA isolation, electrophoresis and Southern blot DNA fragments from agarose gels and plasmid DNAs from cultured cells were puri®ed using commercial kits (Qiagen). Total DNA from E. coli cells was isolated as described by Ravin & Ravin. 14 Standard procedures were used for agarose gel electrophoresis, Southern blot analysis and for transformation with plasmid DNA. Radiolabelled probe speci®c for telL-proximal region was synthesised on PCR fragment obtained using oligonucleotides PR472 and PR473 (N15 fragment 27848-28091).
